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Abstract: 22 
Determining the potential for faults to slip is widely employed for evaluating fault slip potential and 23 
associated earthquake hazards, and characterising hydrocarbon seal integrity and reservoir 24 
properties. Here we use borehole and 3D seismic reflection data to estimate stress orientations and 25 
magnitudes, fault geometries and slip tendency in the southern Taranaki Basin, New Zealand. Late 26 
Cenozoic normal faults in the basin range in strike from E-W to NE-SW and are associated with stress 27 
changes from basin to borehole scales. The Maui and Maari-Manaia regions, part of the eastern 28 
mobile belt, show a strike-slip/normal stress regime (SHmax≥Sv>Shmin). The Tui region, part of the 29 
western stable platform, shows a normal stress regime (Sv>SHmax>Shmin). Both regions have a mean 30 
SHmax azimuth of ENE-WSW. Although the southern Taranaki basin is undergoing active deformation 31 
at plate tectonic scales, the stress magnitudes appear insufficiently high to reactivate the faults 32 
assuming a classic coefficient of friction. SHmax azimuths and SHmax:Sv magnitude ratios vary locally 33 
between boreholes and with depth. A borehole that intersects an inactive seismic-scale fault and 34 
borehole-scale faults over a 150-m interval shows SHmax to rotate by up to 30° proximal to the faults, 35 
which are favourably orientated for slip in both strike-slip and normal regimes. The small borehole-36 
scale faults may, however, be active within the inactive seismic scale fault’s damage zone. We 37 
highlight changes of slip tendency along faults resulting from local variations in the stress field and 38 
non-planar fault geometries that could not be resolved using only seismic reflection data and 39 
regional stress tensor. In the Taranaki Basin additional sub-seismic fault mapping, stress information 40 
and mechanical rock property testing are required to realise the potential of stress-based prediction 41 
of along-fault permeability and fluid migration. 42 
1. Introduction 43 
Tectonic and local stresses contribute to the development of structural permeability within 44 
sedimentary basins. The interactions between stress, deformation and fluid flow have become 45 
increasingly utilised for understanding fault reactivation causing potentially damaging earthquakes 46 
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and the migration of fluids in the subsurface (e.g., Barton et al., 1995; Caine et al., 1996; Sherburn 47 
and White, 2006; Zoback, 2007; Barton et al., 2009; Davatzes & Hickman, 2010; Rinaldi et al., 2014; 48 
Jolie et al., 2016; Alt & Zoback, 2017). Faults and fractures play an important role in the subsurface 49 
movement of fluids by either enhancing along-fault flow and/or impeding across-fault flow (e.g., 50 
Sibson, 1994; Aydin, 2000; Manzocchi et al., 2010, Seebeck et al., 2014a). How faults impact on the 51 
migration of fluids is dependent on a range of factors including the rock properties within and 52 
enclosing the fault, the displacement, geometry and connectivity of the fault, and the stress regime 53 
defined by the orientation and magnitude of the principal stresses acting across the fault zone (e.g., 54 
Faulkner et al., 2010; Manzocchi et al., 2010; Fig. 1). Geomechanical modelling methods, such as slip 55 
tendency analysis and dilation tendency (e.g., Morris et al., 1996; Jolie et al., 2016), have been used 56 
to predict the probability of structural permeability, and require information on the contemporary 57 
stress field together with fault geometries and fault-rock properties (e.g., strength and coefficient of 58 
friction) (e.g., Faulkner et al., 2010). Stress magnitudes are essential for these models, but can be 59 
challenging to obtain, especially the maximum horizontal stress (SHmax) which cannot be measured 60 
directly (Zoback et al., 2003; Morris & Ferrill, 2009; Heidbach et al., 2018). For such geomechanical 61 
permeability prediction techniques the underpinning theory is generally well accepted, however, it 62 
remains unclear whether available data (e.g., spatial distribution, quantity, quality and uncertainties) 63 
are sufficient to produce valuable fault-permeability predictions. Here we address this question 64 
using data from the Taranaki Basin in western offshore New Zealand (Fig. 2).  65 
In regions which have undergone multiple episodes of deformation in varying stress fields like the 66 
southern Taranaki Basin (King & Thrasher, 1996; Reilly et al., 2015), faults are not necessarily 67 
favourably oriented for reactivation in the contemporary stress field (Sibson, 1990; Turner & 68 
Williams, 2004). The Taranaki Basin, New Zealand’s only petroleum-producing basin, is actively 69 
deforming in response to oblique convergence and subduction along the Hikurangi subduction 70 
margin (King & Thrasher, 1996; Beavan et al., 2002; Reilly et al., 2015; Fig. 2). In this seismically 71 
active region, faults formed at different stages of the basin tectonic history are thought to play an 72 
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important role in both the up-sequence migration of Late Cretaceous to Eocene sourced fluids and 73 
trapping of petroleum in Paleocene to Late Miocene reservoirs (Webster et al., 2011; Hemming-74 
Sykes, 2012; Ilg et al., 2012; Reilly et al., 2016 and references therein). Here we evaluate the 75 
contemporary stress regime in the southern Taranaki Basin to better constrain the current tectonic 76 
setting, the potential for fault slip, and its possible impact on petroleum flow in the basin.  77 
We utilise seismic reflection surveys (2D and 3D), borehole images, conventional borehole logs and 78 
drilling data acquired by the petroleum industry, to constrain fault orientations and contemporary 79 
stress orientations and magnitudes in the southern Taranaki Basin. The available data suggest a 80 
strike-slip/normal faulting regime with local rotations in the orientation of the principal stress axes 81 
associated with nearby faults mapped from seismic reflection data. We discuss the implications of 82 
our results for modelling the slip tendency of these faults, as well as the limitations of this technique 83 
as a predictive tool for characterising fault permeability. Our analysis indicates that the models are 84 
useful for producing rupture scenarios, but that the stress estimations and fault models are unlikely 85 
to be sufficiently accurate to model fault permeability on sub-seismic scales.  86 
2. Geological setting 87 
The offshore southern Taranaki Basin is located between New Zealand’s North and South Island’s, 88 
~400 km west of the Hikurangi subduction margin, on the eastern margin of the Australian plate (Fig. 89 
2). The southern Taranaki Basin has experienced a complex tectonic evolution and subsidence 90 
history, leading to the accumulation of >8 km of Late Cretaceous-Recent sediments during multiple 91 
phases of extension and contraction (King & Thrasher, 1996; Reilly et al., 2015; Strogen et al., 2017). 92 
The basin initially developed during intracontinental rifting immediately prior to the break-up of 93 
Gondwana and opening of the Tasman Sea during the mid to Late Cretaceous (King & Thrasher, 94 
1996; Strogen et al., 2017). After cessation of Late Cretaceous extension and associated thermal 95 
subsidence, contraction developed along the eastern margins of the basin from the Late Eocene to 96 
Early Oligocene, migrating westwards across much of the basin during the Late Miocene (King & 97 
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Thrasher, 1996; Stagpoole & Nicol, 2008; Reilly et al., 2015). Synchronous extension in north and 98 
contraction in the south of the basin developed in the Pliocene and continues to a lesser extent to 99 
the present day (King & Thrasher, 1996; Giba et al., 2010; Reilly et al., 2015). To the south of the 100 
basin, the oblique westward subduction of the Pacific plate beneath the Australian plate along the 101 
Hikurangi margin (48-41 mm/yr) transitions to continental collision and transpression along the 102 
Alpine Fault (35-30 mm/yr) (Beavan et al., 2002; Wallace et al., 2004).  103 
The southern Taranaki Basin contains some of the most productive gas and oil fields in New Zealand 104 
(e.g., the Maari, Maui and Tui fields to the west; the Kapuni, Kauri, and Rimu fields to the northeast; 105 
and the Kupe Field to the east) (Fig. 2). Collectively, these fields contain most (~67%) of the 106 
estimated 1960 mmboe cumulative reserves from developing or producing fields in the Taranaki 107 
Basin (New Zealand Ministry of Business, Innovation and Employment, 2018). The southern Taranaki 108 
Basin comprises two structural domains; the Western Stable Platform (passive margin) and the 109 
Eastern Mobile Belt (active margin) (King & Thrasher, 1996). The Eastern Mobile Belt underwent 110 
contraction and structural inversion of Late Cretaceous normal faults mainly during the Late 111 
Miocene with subsequent extension and collapse of some inversion structures during the Pliocene 112 
(King & Thrasher, 1996; Nicol et al., 2005; Stagpoole & Nicol, 2008; Reilly et al., 2015). Structures 113 
within the Eastern Mobile Belt therefore include inversion and reverse faults and folds that provided 114 
closures for trapping petroleum, now the focus for active petroleum systems within the region (Fig. 115 
2 and 3) (King & Thrasher, 1996; Reilly et al., 2015).  116 
Recent studies and data compilation of in-situ stress within the Taranaki Basin have provided 117 
valuable information on near surface stress orientations (Rajabi et al., 2016) (Fig. 2), however, the 118 
magnitudes of stresses are still poorly constrained across the majority of the basin. Regional and 119 
limited local stress inversions of earthquake focal mechanisms indicate that the southern Taranaki 120 
Basin is located in the transition between normal/strike-slip/reverse regimes. In the North Island the 121 
maximum horizontal stress (SHmax) azimuth trends ENE-WSW (~075°) in a normal-strike slip regime 122 
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and in the South Island the SHmax azimuth trends ESE-WNW (~120°) within a reverse/strike-slip 123 
regime (Webb & Anderson, 1998; Sherburn & White, 2006; Townend et al., 2012). Extensive analysis 124 
of borehole stress-induced features yielded a mean ENE-WSW regional SHmax orientation (068°±22°) 125 
for the entire Taranaki Basin (Mildren et al., 2001; GMI, 2010; Rajabi et al., 2016, including 126 
references to Horan, 1997). This stress orientation is in agreement with the NW-SE extension 127 
suggested by the mapped normal faults, sub-parallel to the subduction trench to the east and the 128 
strike of the subducting slab beneath the basin (050°) (Giba et al., 2010; Seebeck et al., 2014b; Rajabi 129 
et al., 2016). Borehole studies indicated a normal to strike-slip regime north and immediately south-130 
west of the Taranaki peninsula (Mildren et al., 2001; Mildren & Meyer, 2006; GMI, 2010). To date, 131 
the stress regime within the southern Taranaki Basin has not been established.  132 
In this study, we focus on the central region of the southern Taranaki Basin containing hydrocarbon 133 
producing fields situated within the Western Stable Platform (Tui) and Eastern Mobile Belt (Maui, 134 
Maari-Manaia) structural domains (Fig. 3). The discovery of active petroleum systems in the region 135 
has resulted in numerous exploration and production boreholes along with the acquisition of 136 
numerous 3D seismic-reflection surveys, which together, enable the investigation of the effects of 137 
the present-day stress tensor on faults that may have influenced the migration and trapping of 138 
hydrocarbons. Previous interpretation of 2-D and 3-D seismic reflection surveys in the southern 139 
Taranaki Basin yielded fault strikes NNE-SSW to NE-SW with dip magnitudes ≥60° (Reilly et al., 2015; 140 
Fig. 2). With a mean ENE-WSW regional SHmax orientation sub-parallel to fault strikes and fault fault 141 
dip typically >60°, some of these faults are, in theory, favourably oriented for slip in a present-day 142 
strike-slip/normal stress regime (Fig. 1). 143 
3. Determination of stress and fault structure 144 
3.1. Stress orientation and magnitude estimations using borehole data 145 
The shear and normal stresses on a fault are derived from the orientation of a fault plane with 146 
respect to the orientation and magnitude of the in-situ principal stress components (S1, S2 and S3), 147 
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and with inclusion of the formation pressure (Pp), yield the effective principal stress components σ1, 148 
σ2 and σ3 (Jaeger et al., 2009). Due to uncertainties associated with many of the parameters involved 149 
in the calculation of in-situ stress, the magnitude of maximum horizontal stress (SHmax) is typically 150 
difficult to quantify (e.g., Zoback et al., 2003).  151 
Here, we assume that one of the principal stress components is vertical, which is consistent with 152 
earthquake focal mechanism (Sherburn & White, 2006) and stress inversions (Townend et al., 2012) 153 
from the region. The principal stress components can thus be written as Sv (vertical stress); SHmax 154 
(maximum horizontal stress); and Shmin (minimum horizontal stress). The ratio SHmax:Sv represents the 155 
stress regime:  SHmax:Sv <1 in normal stress regime; SHmax:Sv >1 for strike-slip regime; and SHmax:Sv~1 for 156 
a mixed normal/strike-slip regime (Fig. 1).  157 
Formation (pore) pressure (Pp) is near hydrostatic in the southern Taranaki Basin, as documented in 158 
borehole drilling reports (based on mud weights; rare gas kicks; and cuttings shape not indicating 159 
caving; accessible through NZP&M (2018) and https://data.gns.cri.nz/pbe/); wireline formation tests 160 
summarised in Sykes, 2012); and consistent with the review of wireline formation tests across the 161 
Taranaki Basin (Webster et al., 2011). Leak-off tests measuring Shmin magnitudes and formation 162 
integrity tests are reviewed in 47 boreholes located throughout the study area. Sv magnitude profiles 163 
are calculated for 11 boreholes: five in the Tui area (Amokura-1, Kahu-1, Matuku-1, Tui-1 and Tui 164 
SW-2); three in the Maari-Manaia region (Maari-1, Maari-2 and Whio-1); and three in the Maui area 165 
(Maui South-1, MB-P(8) and MB-Z(11)) (Fig. 3). SHmax azimuth and magnitudes are analysed in four of 166 
these boreholes: three in the Maari-Manaia region (Maari-1, Maari-2 and Whio-1), and one in the 167 
Tui region (Matuku-1) (Table 1; Fig. 3). Collectively these four boreholes cover a depth range of 750 168 
to 4680 m (all reported depths are true vertical depth below sea level; TVDss; Table 1). 169 
The orientation of SHmax and quality rankings are obtained from stress-induced features identified on 170 
borehole images, following the World Stress Map guidelines and criteria (Sperner et al., 2003; 171 
Zoback et al., 2003; Heidbach et al., 2016). In the four sub-vertical borehole sections analysed 172 
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(deviated <3°, and up to 13° for the uppermost imaged portion of borehole Whio-1), borehole 173 
breakouts and drilling-induced fractures form in the direction of Shmin and SHmax, respectively. 174 
Unfortunately, image logs in boreholes MB-P(8), Maui South-1 and Tui-1 were not of sufficient 175 
quality to confidently interpret stress-induced features. These new data complement the SHmax 176 
azimuths derived from borehole images and earthquake focal mechanisms compiled by Rajabi et al. 177 
(2016). 178 
The methods used to estimate stress magnitudes from borehole data in this work are detailed in 179 
Wiprut et al. (2000) and Zoback et al. (2003), and summarised herein. The overburden vertical stress 180 
Sv is calculated by integrating density logs in each borehole (Equation 1): 181 
                      
 
 
                                           (1) 182 
with z the depth in metres below sea level; zw the depth of the seafloor below sea level; ρw the sea 183 
water density assumed to be 1050 kg/m3; ρ the formation density; and g the acceleration of gravity. 184 
To estimate the formation density in the upper section of boreholes typically lacking density logs, we 185 
use an average sediment compaction formula derived from Taranaki Basin boreholes (Equation 2; 186 
Athy, 1930; Armstrong et al., 1998) and a standard conversion from porosity (Φ) to density 187 
(Equation 3; Nafe & Drake, 1957): 188 
                                                                (2) 189 
                                                                  (3) 190 
where a surface porosity Φ0 of 0.5 is assumed based on Armstrong et al. (1998); D is the exponential 191 
compaction coefficient adjusted from the value of 2265 m derived by Armstrong et al. (1998) to fit 192 
the density log in each borehole (see section 4.2); and ρm is the matrix density assumed to be 2650 193 
kg/m3. 194 
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Shmin magnitudes are derived from 19 leak-off tests in 18 boreholes located throughout the southern 195 
Taranaki Basin, and 1 extended leak-off test (2 pressurisation cycles) in borehole Kahu-1, (Fig. 3; 196 
Research Data; for details on the interpretation of leak-off tests, see e.g. Zoback et al., 2003). For 197 
completeness, we also report results of 62 formation integrity tests in 37 boreholes. These tests are 198 
small-volume and low pumping rate injection tests performed on a short (~10 m) section of hole 199 
drilled ahead of a casing shoe after the casing was cemented. These measurements aim to test the 200 
integrity of the cementing and determine the pressure at which the injectivity of the formation 201 
begins to increase due to the opening of fractures. It is usually not known whether a natural or 202 
induced fracture opens—and thus whether the opening pressure is a direct measure of Shmin 203 
magnitude. As pressure was measured at the surface rather than at the depth of the test, the weight 204 
of the drilling mud column is added to the pressure measured at surface. Pressure measurements 205 
are considered to be leak-off tests, and hence confident Shmin estimations, if pressure and pumping 206 
data were available; and when a clear leak-off point was observed. For Kahu-1, the leak-off point 207 
reading was confirmed by the instantaneous shut-in pressure and formation propagation pressure. If 208 
the leak-off point was not reached, or if there was ambiguity in the interpretation of the pressure 209 
tests, the test was considered to be a formation integrity test. The latter tests are of low confidence 210 
and represent a potential lower bound to the Shmin magnitude.  211 
SHmax magnitudes are calculated using borehole breakout widths, indirect information on rock 212 
strength, and pressures while drilling, assuming a Mohr-Coulomb failure criterion (Equation 4; 213 
Barton & Zoback, 1988; Zoback et al., 2003).  214 
      
              
                         
            
                                               (4) 215 
where 2θ = π – Φ; Φ is the angle of borehole breakout (“breakout width”) in radians; C0 the 216 
unconfined compressive strength (UCS); ΔP the pressure difference between the formation and the 217 
borehole; and σΔT the thermal stress effect (negligible in the southern Taranaki Basin based on 218 
recorded temperature logs). 219 
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The UCS at the breakout depth is estimated from acoustic compressional wave slowness (Δtc) logs 220 
(also called sonic logs). Several empirical relationships between Δtc and UCS have been developed 221 
and calibrated to laboratory strength tests on samples of various lithology (see review by Chang et 222 
al., 2006). However, laboratory strength tests are rarely conducted in the Taranaki Basin, and 223 
lithologies are typically mixtures of sandstones, siltstones and mudstones, so we adopt a cautious 224 
two-step approach to estimating UCS rock strength. (1) We assign a preferred empirical equation 225 
based on the dominant lithology (sandstone or mudstone) to select the most likely representative 226 
UCS (and hence SHmax magnitude; Table 2). (2) We also provide a range of UCS values (represented as 227 
error bars on the SHmax magnitudes) using the empirical equations developed for sandstones and 228 
shales (Table 2). In boreholes Maari-1 and Maari-2, mudstones are defined as having gamma-ray log 229 
values >80 API, and sandstones <80 API, based on cuttings descriptions reported by Halliburton 230 
Australia Pty Ltd (1999) and OMV New Zealand Limited (2003). For borehole Whio-1, intervals of 231 
dominant lithologies were selected based on detailed descriptions of cuttings (Wyman & Smith, 232 
2015).  233 
Finally, to provide bounds for the minimum value of Shmin in a normal stress regime, and the 234 
maximum value of SHmax in a reverse stress regime, we assume that the formation is critically 235 
stressed (Barton et al., 1995), for which Jaeger et al. (2009) showed (Equation 7): 236 
     
     
              
 
                       (7) 237 
where μ is the coefficient of friction estimated at 0.7 (Byerlee, 1978; GMI, 2010). In a normal stress 238 
regime, S1=Sv and S3=Shmin; and in a reverse faulting regime, S1=SHmax and S3=Sv.  239 
3.2 Evaluation of uncertainties in SHmax magnitude calculations 240 
SHmax magnitude is typically the most difficult parameters to constrain from borehole data, and 241 
estimating SHmax magnitudes from borehole breakout width and rock strength has caveats, including 242 
the assumption of a failure criterion is valid; that the borehole is perfectly circular; and that the rock 243 
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strength is known at the breakout location (e.g. Zoback, 2007; Valley and Evans, 2019). However, 244 
with only one focal mechanism available in the study area, constraints on SHmax magnitudes from 245 
borehole data are valuable and have the benefit of informing on stresses and their variations in the 246 
shallow crust. 247 
The first source of uncertainty is the breakout width measurement in borehole Whio-1 because one 248 
of the breakout edges often lies in-between the resistivity imager pads (such as in Fig. 4), and only 249 
those breakouts where both sides were observed were kept for SHmax magnitude estimations.  250 
The main uncertainty on SHmax magnitude is the rock strength at the borehole depth at which 251 
breakouts form. The empirical equations used here to convert acoustic compressional wave 252 
slowness from downhole measurements into UCS were developed mostly in the Gulf of Mexico and 253 
North Sea, where sandstones and mudstones are well differentiated, and calibrated by laboratory 254 
rock property testing (Chang et al., 2006, and references therein). In the southern Taranaki Basin, 255 
lithologies are commonly muddy sandstones and sandy mudstone and can be interlayered, which 256 
limits the applicability of these equations. Using a range of UCS derived from equations based on 257 
sandstones and mudstones permits an estimate of the possible SHmax magnitude range (Fig. A.2). 258 
It is also questionable if the acoustic compressional wave borehole measurements are sufficiently 259 
characteristic of the rock strength in the southern Taranaki Basin, and of high enough depth 260 
resolution to identify thin units of varying rock strength. As presented in Fig. 4, breakouts can be 261 
confined to moderately cemented carbonate units, which might have different UCS to their 262 
surrounding lithologies (even though the acoustic compressional wave log doesn't show variation 263 
between the partly cemented units and their surrounding lithologies). The location of borehole 264 
breakouts within partially cemented units indicates that these lithologies are more prone to 265 
fracturing, which may affect fluid migration and seal capacity at metre-scales. It is worth noting that, 266 
although the neutron porosity log shows a high value at the base of the partially cemented area (Fig. 267 
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4), it is within the variations observed above and below this interval, and would thus not provide a 268 
characteristic UCS estimation. 269 
Despite these limitations on UCS estimations, the range and variability of UCS values derived from 270 
acoustic compressional wave slowness logs in the studied boreholes (Appendix 1) are consistent 271 
with laboratory tests conducted on cores recovered between 3529 and 3629 m depth in boreholes 272 
Pohokura-1 and Pohokura-2 north of the Taranaki Peninsula (Shell Todd Oil Services Limited, 2002) 273 
which contain similar lithologies to those in southern Taranaki Basin boreholes. In the two Pohokura 274 
boreholes, the UCS of fine to coarse grained sandstone with intercalated mudstone beds measured 275 
in laboratory ranges between 17 and 56 MPa for samples of 7.7 to 13% porosity (n=18 samples; no 276 
correlation between porosity and UCS). Two additional low-porosity samples yielded UCD of 88 MPa 277 
(5.2% porosity) an 92 MPa (2.3% porosity). This study mentions that values measured during 278 
laboratory tests are in general lower than those measured under confining stress, as would be the 279 
case in a borehole. These few laboratory values are consistent with those derived from boreholes 280 
data (Fig. A.2) so we are therefore confident that the SHmax estimations are reasonable. 281 
Reducing uncertainties on estimates of SHmax magnitude would be best achieved by conducting 282 
mechanical rock property testing, on samples with a range of natural gamma-ray, density and 283 
resistivity downhole measurements. Based on experience from other sedimentary basins such rock 284 
property studies could reduce uncertainties on UCS and SHmax magnitude by as much as a factor of 285 
two (e.g., Chang et al., 2006). 286 
3.3. Structural model 287 
To understand the potential influence of the present-day stress field on the up-fault migration of 288 
hydrocarbons we utilise the geometry of faults mapped in 3D seismic reflection volumes (Thrasher 289 
et al., 2018). Faults and time equivalent horizons used in this study have been mapped over a region 290 
of 5250 km2 within the study area from an amplitude balanced post-stack merge of open-file 3D 291 
seismic reflection survey (PGS Taranaki Megasurvey, which includes the Maui-3D, Kokako-3D, Tui-3D 292 
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and Opunake-3D), complemented with the recent open-file releases of Maari-3D, Tui-Ext-3D and 293 
Matuku-3D. In addition, we used the closed-file Kaka-3D seismic reflection surveys (courtesy of OMV 294 
New Zealand Ltd.). A total of twenty time-equivalent horizons comprising the entire Late Cretaceous 295 
to Recent sedimentary sequence (constrained by biostratigraphy in 26 boreholes across the study 296 
area; Roncaglia et al., 2013) were interpreted on a uniform interpretation seed line grid (1250 x 1250 297 
m) oriented approximately perpendicular and parallel to the predominant structural trends 298 
(Thrasher et al., 2018) using Paradigm ® SeisEarth. Near surface horizon (<300 ms TWT below the 299 
seafloor) ages are poorly constrained and estimated to be ≤1.5 Myr old. Horizons relevant to this 300 
study, such as the base Pliocene unconformity in the Maari-3D, were autopicked to produce an 301 
accurate surface interpretation at the resolution of the seismic data (12.5 x 25 m Inline/Xline 302 
spacing). Faults identified in seismic amplitude and coherency attributes were mapped at varying 303 
resolutions (typically 625 m along strike) within the horizon interpretation seed grid set to a 304 
maximum of 5 seconds two-way travel time (TWT) (example of fault trends at base Oligocene shown 305 
in Fig. 3). Due to small displacements and the sub-vertical nature of the faults in proximity to the 306 
Maari, Moki and Manaia boreholes (including Whio-1), faults were mapped with a line spacing of 307 
~125 m along strike. Three-dimensional triangulated fault surfaces were then modelled in TWT and 308 
depth converted using SKUA-GOCAD ™. Time-depth conversion utilised velocity data from 26 309 
boreholes within the study area to generate a 3D interval velocity volume using the mapped 310 
horizons in a layer cake approach (Viskovic et al., 2019). On average, the model depth error at 311 
basement was generally <1% at depths between 3400 and 4200 m. Faults determined to be active in 312 
the present day are characterised by seafloor scarps (e.g., Cape Egmont Fault; Nodder, 1993) and/or 313 
by seismic reflectors displaced at or immediately below seafloor. Faults considered inactive within 314 
the last ~1 Myr have no detectable normal displacement within 100 ms TWT of the seafloor. In 315 
practice, these faults may have been recently active but have sub-resolution displacement to the 316 
seafloor. 317 
 318 
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3.4. Slip tendency estimates 319 
The orientations and magnitudes of the principal stresses relative to pre-existing faults, together 320 
with fault and host rock properties, control the ability of faults to slip and generate earthquakes 321 
(Morris et al., 1996; Zoback, 2007 and references therein; Alt & Zoback, 2017). Slip on a fault may 322 
also lead to rupture of hydraulic seals within fault zones, producing transient or permanent 323 
increases in fracture permeability (Sibson, 1994; Barton et al., 1995), which have the potential to 324 
produce leakage from petroleum reservoirs (Rinaldi et al., 2014). Slip tendency, defined as the ratio 325 
of shear (τ) to effective normal stress (σn) (Ts = τ / σn), quantifies how close to failure a fault of a 326 
defined orientation is within a given stress field. In an Andersonian faulting regime, faults striking 327 
parallel to the maximum horizontal stress (SHmax) azimuth and dipping 60° are best oriented for slip in 328 
a normal stress regime, whereas sub-vertical faults striking 30° either side of SHmax azimuth are best 329 
oriented for slip in a strike-slip stress regime (Fig. 1; Anderson, 1905). If the two highest principal 330 
stress components are Sv and SHmax and are of similar magnitude, both normal and strike-slip faults 331 
have high slip tendency (Fig. 1b).  332 
We map the fault slip tendency using MoveTM software. The mapping of slip tendency values onto 333 
stereonets shows the slip tendency for all possible poles to faults. Faults are triangulated to 334 
accommodate their non-planarity. Each pole to plane on the stereonet correspond to one of these 335 
triangles, i.e. a small portion of the fault surface. We also show 3D views of slip tendency mapped 336 
onto the Cape Egmont Fault and two representative minor faults (striking NE-SW and E-W) within 337 
the Maari-Manaia field area (See Fig. 3 and 6, respectively). The Cape Egmont Fault is the largest 338 
normal fault in the southern Taranaki Basin, with a Plio-Pleistocene vertical displacement of up to 339 
~2500 m, dominated by normal displacement and possibly a small amount of right-lateral slip (Nicol 340 
et al., 2005; Reilly et al., 2015). The Cape Egmont Fault is a Late Cretaceous normal fault, having 341 
experienced positive inversion in the Late Miocene and negative inversion/extensional collapse in 342 
the Pliocene-Recent (King & Thrasher, 1996; Reilly et al., 2015). As a result, this major fault has 343 
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variable strike and dip orientations, laterally and with depth (Fig. 2 and 3), thus capturing many of 344 
the fault orientations observed elsewhere within the southern Taranaki Basin. 345 
4. Stress magnitudes, 3-D fault map and slip tendency 346 
4.1. SHmax azimuth: dominantly ENE-WSW, with localised rotations 347 
The new SHmax azimuths derived from stress-induced features in boreholes (mainly borehole 348 
breakouts with rare drilling-induced tensile fractures) predominantly trend ENE-WSW: 071°±10° (1σ 349 
error; Heidbach et al., 2016) in borehole Whio-1; and 076°±6° in borehole Matuku-1 (Table 1; Fig. 5 350 
and 6). Altogether, stress-induced features in these three boreholes span between 1210 and 4680 m 351 
depth (Table 1; Fig. 5). Dipole sonic log interpretation in borehole Whio-1 also indicates an 070° SHmax 352 
azimuth (Wyman & Smith, 2015). These orientations are similar to the regional 068°±16° (A-B 353 
quality, in 39 boreholes) SHmax previously reported by Rajabi et al. (2016) for the Taranaki Basin.  354 
The azimuth of SHmax locally departs from the regional orientation. The Maari-1 and Maari-2 355 
boreholes located between 760 and 2160 m, show a NE-SW SHmax azimuth (030°±8° and 039°±9°, 356 
respectively; Table 1), which is different from nearby Whio-1 borehole. The upper and lower part of 357 
Maari-1 also show slightly different mean SHmax azimuth (24°±7° and 34°±5°, respectively). In the 358 
Whio-1 borehole, SHmax azimuth rotates gradually by up to 30° about the mean over 150 m-long 359 
depth intervals. Rotations are clockwise between 1217 and 1316 m, and then counter-clockwise to 360 
1350 m; and again between 1800 and 1950 m (Fig. 7a). The SHmax azimuth rotation between 1200 361 
and 1350 m in Whio-1 is defined by eight borehole breakouts (with uncertainty of ±10° due to the 362 
breakout edges being located between the imaging tool pads; Fig. 4 and 7), and confirmed by the 363 
borehole ellipticity measured by 4-arm caliper measurements. The borehole elongation direction 364 
does not coincide with the low-side azimuth of the borehole and is thus interpreted as being caused 365 
by in-situ stress rather than drilling (borehole deviation ≤13°; Heidbach et al., 2016). 366 
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The SHmax rotation between 1200 and 1350 m in Whio-1 is attributed to the perturbations caused by 367 
a fault mapped on seismic-reflection lines and its damage zone, which likely intersects the borehole 368 
at ~1300 m. Indeed, a seismic-scale fault intersect Whio-1 borehole at ~ 1350 m (uncertainty on 369 
seismic resolution bounds the fault/borehole intersection between 1260 and 1470 m; Fig. 7b). The 370 
switch of SHmax azimuth rotation direction at ~1316 m in the Whio-1 well coincides with two faults 371 
observed on the image log, striking 074° at 1300 m, and 101° at 1306 m, both dipping 73° 372 
southwards (Fig. 7a, c). Sedimentological analysis of the image log by Wyman & Smith (2015) shows 373 
a change of bedding plane dip directions at 1300 m (SSE above 1300 m and ENE below) interpreted 374 
as caused by a fault. Unfortunately, it is not possible to measure the direction, magnitude or sense 375 
of displacement of these faults on the image log and we were unable to determine if they were 376 
predominantly normal or strike-slip. The seismic-scale fault has a similar strike (mean of 099°, mean 377 
dip of 75°) to the fault identified on the image log at 1306 m, and to the fractures identified in the 378 
entire borehole image log (mean fracture strike 095°, with various dip magnitudes ranging from 28° 379 
to 84° and a mean of 58°; n=17 fractures). Based on seismic reflection data the upper tip of this fault 380 
lies at ~200 ms TWT (150 m) below the seafloor (Fig. 7b) with a maximum vertical offset of 10-15 m 381 
on the base Pliocene unconformity. In map view, Late Miocene channels intersected by the fault at 382 
high angles show no demonstrable horizontal offset at the resolution of the 3D seismic data and 383 
therefore this fault is considered to be predominantly normal dip-slip. The rotation of the SHmax 384 
azimuth between 1800 and 1950 m cannot be attributed to a specific fault at borehole or seismic 385 
scales. This rotation may thus be related to a fault located near Whio-1 rather than intersecting it, 386 
and of too small dimensions and displacement to be identified in the 3D seismic reflection data. 387 
Local SHmax azimuth rotations have been noted in the Taranaki Basin (Rajabi et al., 2016) and 388 
documented worldwide (e.g., Yale, 2003; Barton & Zoback, 1994; Tingay et al., 2010; McNamara et 389 
al., 2015; Rajabi et al., 2017a; Heidback et al., 2018), but these rotations have not been considered 390 
to date in stress studies of the southern Taranaki Basin. As the slip tendency of faults depends on the 391 
stress orientation and magnitudes relative to the fault orientation, local variations of stress 392 
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orientations and magnitudes as well as variations of fault geometry affect the slip tendency of faults 393 
in the southern Taranaki Basin (see section 4.3 for further discussion). 394 
4.2. Fault map 395 
Fault mapping confirms previous interpretations of the general NE-SW trend of fault systems in the 396 
study area (e.g., King & Thrasher, 1996; Reilly et al., 2015), with higher resolution. In the Maari-397 
Manaia region, numerous low-displacement faults cross cut the inversion anticlines striking E-W 398 
(085°– 100°); ENE-WSW (055 – 065°); and NE-SW (035° – 045°), by decreasing order of cumulative 399 
length, have been recently identified (cf. Wunderlich & Mayer, 2018) and mapped in this study (Fig. 400 
3, 6). These minor faults, one of which intersects the Whio-1 borehole (see Sections 4.3 and 5.2), 401 
may significantly influence both the lateral and vertical migration of hydrocarbons. 402 
4.3. Stress magnitudes: a strike-slip to normal stress regime 403 
Borehole data analysed in this study show a strike-slip to normal stress regime in the central part of 404 
the southern Taranaki Basin. The Sv magnitude gradient is 20.7±1.6 MPa/km at 2000 m (n=9 405 
boreholes across the study area; error is 2σ; Fig. 8a and A.1). The Sv magnitude gradient increases 406 
slowly with depth as rock density increases with depth under compaction (Fig. 8a and A.1; 18.9±1.4 407 
MPa/km at 1000 m (n=10); and 21.5±0.6 MPa/km at 3000 m (n=6)). The greatest lateral variations of 408 
rock density are observed at depths shallower than 2.1 km (density ~0.2 g/cm3 higher in the Maari 409 
area than in the Maui area; Fig. A.1). At these shallower depths we used variable compaction 410 
coefficients (800 to 2265 m-1) to estimate rock density where downhole logs were not acquired. 411 
These density variations have limited effect on the Sv gradients (<1 MPa/km) compared to other 412 
parameters associated with stress magnitude calculations. 413 
Leak-off tests show a range of Shmin magnitude across the southern Taranaki Basin, with fracture 414 
gradients (Shmin magnitude divided by depth) ranging between 12.5 and 18.6 MPa/km, with a mean 415 
of ~17.6 MPa/km (Fig. 8b-c; ratio of mean Shmin:Sv of about 0.85). Most of the leak-off tests were 416 
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undertaken at <1600 m, but the three deeper leak-off tests are consistent with the shallower 417 
measurements. The lowest fracture gradient derived from leak-off tests corresponds with the lower 418 
bound of Shmin for normal faults at frictional failure (Eq. 7; ~13 MPa/km, varying slightly depending 419 
on the borehole and depth, hence Sv magnitude). Low confidence lower bounds of Shmin magnitude 420 
obtained from formation integrity tests are generally lower than Shmin estimates from leak-off tests. 421 
The spread in Shmin magnitudes from leak-off tests is attributed to the condition in which each test 422 
was performed: depth, lithology (which varies from mudstone to sandstone), and borehole shape 423 
just below casing. 424 
SHmax magnitudes in the Maari-1 and Whio-1 boreholes are slightly higher or lower than Sv, indicating 425 
a strike-slip to normal regime (Shmin<Sv≤≈SHmax to Shmin<SHmax≤≈Sv, respectively), with SHmax:Sv ratios of 426 
0.8 to 2.3 for Maari-1, and 0.9 to 1.6 for Whio-1, both boreholes having a median ratio of 1.1 (Fig. 427 
8c). The deeper part of Maari-2, drilled at the same depth (1340-1455 m) and geological formation 428 
(Moki Formation) as Maari-1, has similar SHmax:Sv ratios to those in Maari-1 (0.9 to 1.3, median of 429 
1.2). The error bars on SHmax magnitudes reflect the variability in UCS assuming either sandstone 430 
(lower bound) or mudstone (higher bound) lithologies. A wide breakout (101°) in Maari-1 yielded an 431 
SHmax magnitude higher than the theoretical limit at frictional failure for reverse faults, and we follow 432 
Valley and Evans (2019) in using only borehole breakouts with width <90°. 433 
The shallow interval of Maari-2 (965 – 1250 m) shows higher SHmax magnitudes (SHmax:Sv ratio of 1.2 434 
to 2.7, median of 1.5) than in the deeper section (Fig. 8c). This higher SHmax magnitude is linked to the 435 
low acoustic compressional wave slowness (< 80 μs/ft) between 951 and 1228 m, yielding a high UCS 436 
(ranging between 40 and 100 MPa) (Fig. A.2). This interval comprises lithologies varying from 437 
sandstone to mudstone (Upper and Mid-Manganui Formation, including the Sw and M2A sands; 438 
OMV New Zealand Limited (2003)).  By contrast, the underlying borehole section intersecting similar 439 
lithologies (though overall more sandy; Mid Manganui and Moki Formations, OMV New Zealand 440 
Limited (2003)), has a compressional wave slowness of ~90 μs/ft and UCS< 50 MPa (Fig. A.2). 441 
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Laboratory testing of rock samples are needed to clarify what controls the acoustic velocity in these 442 
lithologies in the southern Taranaki Basin, how it affects the rock strength estimations, and possible 443 
effects on stress magnitudes. 444 
In contrast to the boreholes in the Maari-Manaia area, the Matuku-1 borehole shows a dominantly 445 
normal faulting regime, with SHmax:Sv ratio of 0.7 to 1.1, median of 0.9, consistent with active normal 446 
displacement on the active Cape Egmont Fault ~30 km to the east (Nodder, 1993) (see Fig. 3 for 447 
location). The difference in stress regime between the Matuku-1 borehole, and those of the Maari-448 
Manaia region may be due either to its different depth or location within the southern Taranaki 449 
Basin. Indeed, the Matuku-1 image log samples deeper (3900-4675 m) intervals than the Maari-1, 450 
Maari-2 and Whio-1 boreholes (765-2630 m), and is located on the Western Stable Platform that has 451 
remained undeformed during the Neogene (Fig. 2). This location contrasts with wells situated within 452 
the Eastern Mobile Belt and is discussed further in Section 5.2. 453 
4.4. Fault slip-tendency analysis 454 
The mapping of slip tendency in 3-D over the surfaces of the three faults presented in Fig. 9 is 455 
representative of the possible slip tendencies on faults active in the last 1 Myr in the southern 456 
Taranaki Basin. The pole to planes on the stereonets represent small patches of each of the three 457 
triangulated fault surfaces. Given the local variability in Shmin magnitude and SHmax azimuth, and 458 
uncertainties in SHmax magnitudes, we consider four scenarios compatible with borehole data to 459 
estimate the slip tendency (Ts) of the three faults in Fig. 9. For each of the three faults Sv is fixed at 460 
20.7 MPa/km, representative of a depth of 2 km. Three of the four scenarios assume an SHmax 461 
azimuth of 070°: a normal faulting regime as measured in Matuku-1 (SHmax:Sv=0.9; Fig. 9a); a strike-462 
slip regime as measured in Whio-1, Maari-1 and the bottom section of Maari-2 (SHmax:Sv=1.1; Fig. 9b); 463 
and a strike-slip regime as measured in the upper section of Maari-2 (SHmax:Sv=1.5; Fig. 9d). The 464 
fourth scenario assumes an SHmax azimuth of 050° and a strike-slip regime with SHmax:Sv=1.1 (Fig. 9c), 465 
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which represents zones of SHmax azimuth rotations from the regional trend such as those observed in 466 
the Maari-1, Maari-2 and Whio-1 boreholes. 467 
In the three stress scenarios with SHmax:Sv =0.9 or 1.1, none of the representative faults are in 468 
conditions of failure. This is demonstrated by the Mohr circles not touching the Mohr-Coulomb 469 
failure envelope for cohesionless faults with a friction coefficient of 0.6, a lower bound of typical 470 
values (Byerlee, 1978) (Fig. 9a-c). As expected by failure theory in strike-slip regimes, the maximum 471 
value of slip tendency increases as the SHmax:Sv ratio increases (appearing as a larger Mohr circle, Fig. 472 
9d). The maximum slip tendencies observed are: 0.2 for the normal faulting regime with SHmax:Sv=0.9; 473 
0.3 for the strike-slip regime with SHmax:Sv=1.1; and 0.6 for the strike-slip regime with SHmax:Sv=1.5. It 474 
is only in this latter case that very small regions of the three faults best oriented for slip along the 475 
geometrically variable fault surfaces have a slip tendency nearly high enough for slip with a friction 476 
coefficient of 0.6 (1% of fault surfaces with Ts ≥ 0.58; an additional 7% of fault surfaces with 477 
0.55<Ts<0.58) (Fig. 9d). 478 
The non-planar 3D geometry of faults has a large effect on their tendency to slip. In each case, the 479 
slip tendency increases as the local fault geometry approaches a pure Andersonian faulting 480 
configuration, i.e. dipping 60° and striking parallel to SHmax for a normal stress regime; and sub-481 
vertical and striking 30° either side of SHmax (i.e., striking either 40° or 100°) for the strike-slip stress 482 
regime (e.g., Fig. 1). The faults in the Maari-Manaia region are thus optimally oriented for slip in a 483 
strike-slip/normal regime with a 070° SHmax azimuth. The effect of non-planar fault geometry is 484 
particularly clear for the Cape Egmont Fault, which has along-strike corrugations that produce 485 
varying slip tendency. An SHmax azimuth to 050° in a strike-slip regime (Fig. 9c) forms vertical 486 
“corridors” of higher slip tendency on the Cape Egmont Fault (but insufficient for slip), due to the 487 
alternation of areas striking either NNE-SSW (000° – 030°) or ENE-WSW (064° – 080°) having higher 488 
slip tendency than those striking NE-SW (030° –  064°). 489 
 490 
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5. Discussion 491 
5.1. Regional fault orientation and stress from borehole data 492 
The new borehole data indicate a strike-slip/normal stress regime in the Maari-Manaia area, and 493 
normal faulting regime further west in the Tui region (borehole Matuku-1). The dominant ENE-WSW 494 
SHmax azimuth is consistent with previous borehole data sampled from depths <4 km (Rajabi et al., 495 
2016 and references therein). Focal mechanisms at 7-35 km depth in the Cape Egmont Fault Zone in 496 
the northern part of the studied area are strike-slip (Sherburn & White, 2006), and the 1974 Mw 5.5 497 
Opunake earthquake was identified as oblique normal (Webb & Anderson, 1998; Fig. 2) with fault 498 
planes generally parallel and perpendicular to the dominant fault trends in the region (e.g., Fig. 2). 499 
The stress magnitudes estimated from borehole data in this study are consistent with a strike-slip 500 
stress regime identified from borehole studies north of the study area in hydrostatically pressured 501 
zones (Te Kiri prospect; GMI, 2010: Pohokura and Moana prospects; Mildren et al., 2001; Mildren & 502 
Meyer, 2006). 503 
Although the normal stress regime recorded in the Matuku-1 borehole is based on data deeper than 504 
the strike-slip/normal stress regime in boreholes of the Maari-Manaia area, we suggest that the 505 
change of stress regime reflects the southward transition from extension to contraction associated 506 
with the change from oblique subduction along the Hikurangi margin to transpression along the 507 
Alpine Fault (e.g., King & Thrasher, 1996, Wallace et al., 2004; Giba et al., 2010; Townend et al., 508 
2012; Reilly et al., 2015). The normal stress regime in Matuku-1 is thus consistent with its location in 509 
the Western Stable Platform further away from the transition from extension to contraction than 510 
the Maari-Manaia area. The strike-slip/normal stress regime in the Maari-Manaia area is also 511 
consistent with its location to the north of this transition which occurs towards the southernmost 512 
margin of the Taranaki Basin. 513 
 514 
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5.2. Borehole-scale SHmax azimuth rotations near faults 515 
Local rotation of SHmax azimuths from regional trends are commonly attributed to the influence of 516 
nearby active faults (e.g., Barton & Zoback, 1994, Yale, 2003; Hickman & Zoback, 2004; Tingay et al., 517 
2010; Davatzes & Hickman, 2010; McNamara et al., 2015), but also to variations in mechanical 518 
properties of faulted strata (Heap et al., 2010; Rajabi et al., 2017a and references therein; Fig. 1d) or 519 
fluid pressure (Rice, 1992). Evaluating these local variations is needed for reservoir development and 520 
earthquake hazard assessment (Rajabi et al., 2017b). 521 
The 30° anticlockwise difference of Maari-1 and Maari-2 boreholes (030° and 039°) from the regional 522 
SHmax trend (~070°) is consistent with the trend of underlying faults. The SHmax azimuth in these 523 
boreholes is parallel to nearby minor normal faults (Fig. 6) and to the Maari Fault, a Late Miocene 524 
inversion fault with ≥1 km of vertical separation on the base Oligocene horizon (see Fig. 3 and 6 for 525 
location).  526 
The seismic- and borehole-scale faults identified in the zone of ~30° clockwise SHmax rotation in Whio-527 
1 are favourably oriented for slip in the stress regime determined for the Maari-Manaia region 528 
(strike-slip/normal with SHmax azimuth ~070°). The seismic fault sub-vertical and striking 099° is 529 
favourably oriented for slip under a strike-slip regime. The ENE-WSW (074°) and ESE-WNW (101°) 530 
strikes of the two image log scale faults suggest that these different orientations are most likely to 531 
be normal and strike-slip, respectively (Fig. 1b). The dip magnitude of these faults (73°) is 532 
intermediate between a pure Andersonian normal (dip magnitude of 60°) and strike-slip (dip 533 
magnitude of 90°) faulting (Fig. 1). This orientation is similar to that of other normal faults mapped in 534 
the southern Taranaki Basin (Reilly et al., 2015), which are thus favourably oriented for slip. 535 
The seismic-scale fault with SHmax rotation intersecting the Whio-1 borehole has likely been inactive 536 
for at least ~1 Myr because it does not appear to displace younger seismic reflectors (Fig. 7b). This 537 
SHmax rotation near the inactive fault could arise due to variations in the strength of rock across the 538 
fault and/or because the differences between horizontal stress magnitudes are small (Rice, 1992; 539 
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Yale, 2003; Hickman & Zoback, 2004; Ferrill et al., 2017; Boulton et al., 2017). Alternatively, it is 540 
possible that this favourably oriented fault and similarly nearby faults are presently active with sub-541 
resolution displacements near the seabed, or that they are active but remain blind (i.e. do not offset 542 
the seafloor).  543 
Whether faults are recent and formed in the contemporary stress regime, or inactive, the seismic-544 
scale fault zone intersecting the Whio-1 borehole likely contains a combination of faults and 545 
fractures striking 070° and 100°, which are favourably oriented for reactivation in the current stress 546 
regime. The stress magnitudes and frictional properties of these small-scale faults are inferred to 547 
control their reactivation potential, although have not been explicitly studied here. Irrespective of 548 
why the stress rotations occur, it is clear that the SHmax azimuth can change by tens of degrees over 549 
length scales of ~100 m or less (both laterally and vertically), and these changes affect the potential 550 
for fault slip locally. 551 
5.3. Fault slip and potential associated increases in permeability 552 
The slip tendency models show that, assuming that faults are cohesionless with a coefficient of 553 
friction of ~0.6, the stress magnitudes are not sufficient to reactivate faults and increase their 554 
potential to act as fluid conduits (e.g., Barton et al., 1995; Townend & Zoback, 2000) even if faults 555 
are favourably oriented for slip (Fig. 9). Based on the observed variations in the SHmax azimuth and 556 
magnitude observed in the boreholes each of the four stress scenarios considered may apply to 557 
sections of faults and their damage zones. As predicted by frictional theory, the transition from a 558 
normal to a strike-slip regime increases the overall slip tendency of faults. Slip on cohesionless faults 559 
and fractures would only be initiated with a high SHmax:Sv ratio (≥1.5). Such a high stress magnitude 560 
ratio was only observed in the upper section of the Maari-2 borehole. These observations are 561 
supported by faults mapped in the Maari-Manaia region being favourably oriented to undergo 562 
normal (ENE-WSW) and strike-slip (NE-SW and E-W) faulting in the present stress regime (Fig. 6c), 563 
but show no contemporary displacement resolvable on the seismic reflection data. By contrast, to 564 
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the north of the study area, the active seafloor fault trace of the Cape Egmont Fault (Nodder, 1993; 565 
Nicol et al., 2005), active fault traces on the Taranaki Peninsula (Townsend et al., 2008, 2010; 566 
Mouslopoulou et al., 2012) and crustal seismicity (Webb & Anderson, 1998; Sherburn & White, 567 
2006; Townend et al., 2012) indicate that normal faults are at, or close to, failure.  568 
Several other factors could facilitate fault slip on pre-existing faults within the southern Taranaki 569 
Basin in the contemporary stress regime.  The mechanical properties of fault zones and their 570 
associated rock properties, such as fault gouge having low coefficients of friction with respect to the 571 
host rock (e.g., Boulton et al., 2017; Ferrill et al., 2017), may facilitate slip at lower stress ratios. 572 
Increases in pore pressure, as documented in the Taranaki Basin outside of the study area (Webster 573 
et al., 2011), would increase slip tendency by decreasing the effective normal stress. Such increases 574 
in pore pressure may also be associated with modifications of the entire stress regime, as 575 
documented in the northern Taranaki Basin (Mildren et al., 2001; Mildren & Meyer, 2006). Fault 576 
zones may also have different elastic properties and pore pressure conditions compared to its 577 
surrounding rocks, which could also facilitate mis-oriented parts of mature faults to slip, as 578 
suggested by Rice (1992) for the San Andreas Fault, and Sherburn & White (2006) for the western 579 
Taranaki region. Depending on the frictional and elastic characteristics of the faults in the southern 580 
Taranaki Basin, it is thus possible that some areas of faults are able to slip in the current stress 581 
regime. In addition, it is likely that all four stress scenarios based on borehole data presented here 582 
apply to various faults at once, and even to different parts of each fault surface. A probabilistic 583 
assessment of potential fault slip in the study area (e.g., Walsh III & Zoback, 2016) is thus 584 
recommended to include natural geological variabilities described herein in earthquake risk 585 
assessment. 586 
High dilation tendency, defined as the normal to differential stress ratio (Td = (σ1 - σn)/ (σ1 / σ3)), and 587 
the combined effects of high slip and dilation tendencies (Tsd =Ts+Td) have also been correlated to 588 
enhanced fault permeability (Gudmundsson et al., 2002; Ferrill & Morris, 2003; Jolie et al., 2016). 589 
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Establishing correlations between these stress parameters and enhanced fault permeability also 590 
depends upon a number of factors, including: (1) the detection of contemporary permeability zones, 591 
(2) the limitations of using a uniform stress field orientation and magnitude, and (3) additional 592 
geological factors that may limit fracture connectivity at reservoir scale (Jolie et al., 2016). Slip and 593 
dilation tendency analysis in the Kupe area of the southern Taranaki Basin, east of the study area, 594 
has previously suggested that faults parallel to SHmax are critically stressed and therefore most likely 595 
to accommodate up-fault fluid migration (Hemming-Sykes, 2012). However, when compared to the 596 
locations of inferred gas chimneys on faults these predictions are no better than predictions 597 
assuming that high permeability zones are randomly distributed over the fault surface (Hemming-598 
Sykes, 2012). These observations suggest that, for the southern Taranaki Basin, slip and dilation 599 
tendency estimations using regional stress and fault-geometry may be of limited predictive value for 600 
fault permeability. The apparent predictive limitations of the geomechanical techniques could, if 601 
correct, reflect a number of factors, either not captured by the technique and/or not recorded by 602 
the available data. This paper highlights short wavelength (≤100 m) variations in stress orientations 603 
and magnitudes, which could not be incorporated into the study of Hemming-Sykes (2012), and 604 
were not accounted for in the fault permeability predictions. We believe that local variation in 605 
stresses coupled with local variations in mechanical properties of the rocks (e.g., Ferrill et al., 2017) 606 
and of orientations of the faults could have a profound effect on structural permeability. Therefore, 607 
we concur with previous workers (e.g., Hemming-Sykes, 2012; Ilg et al., 2012; Jolie et al., 2016; Nicol 608 
et al., 2017) in suggesting that even if the theory underpinning the models is correct, a great 609 
understanding of stress conditions and fault geometries at a local scale is required to realise the full 610 
potential of geomechanical techniques for prediction of fault permeability. 611 
6. Conclusion 612 
The southern Taranaki Basin is an example of basin with several successive phases of extension and 613 
contraction with numerous faults, where extensive petroleum borehole and seismic reflection 614 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
3-D stresses on faults in the southern Taranaki Basin, New Zealand 
26 
 
datasets allow us to test the potential for faults to slip and conduct fluid flow in the current stress 615 
regime. Analysis of borehole images and wireline logs from four boreholes, and compilation of leak-616 
off tests throughout the study area, indicate a contemporary strike-slip/normal stress regime with 617 
ENE-WSW SHmax azimuth, consistent with previous studies. Local variations up to 30° in the 618 
orientation of SHmax from the regional trend are most likely related to pre-existing subsurface 619 
structures. Variations in the orientation of SHmax of a similar magnitude with depth are also 620 
documented in the Whio-1 borehole and coincide with the intersection of a low displacement (10-15 621 
m) normal fault mapped on 3D seismic reflection data.  Fault orientations observed at borehole and 622 
seismic scales in the Maari-Manaia region are favourably oriented for slip in the current stress 623 
regime, however, slip activity on these local faults appears to have ceased at least 1 Myr ago. The 624 
local rotation of SHmax azimuth within Whio-1 borehole may therefore be related to either 625 
displacement on the fault plane or fractures of the damage zone below the resolution of the seismic 626 
data; or by the different frictional or elastic properties within the fault zone. Stress scenarios based 627 
on the data from this study are used to examine slip tendency on representative faults. Slip 628 
tendency analysis indicates that both Pliocene and active faults are favourably oriented for slip in 629 
either normal (ENE-WSW-striking faults), strike-slip (NE-SW and E-W-striking faults) or strike-630 
slip/normal stress regimes, but are not at present critically stressed (i.e., Ts >0.6) assuming a Mohr-631 
Coulomb failure criterion with coefficients of friction of 0.6. Faults may be closer to failure through 632 
increases in pore pressure, increases in the magnitude of SHmax, and/or by a lower coefficient of 633 
friction within fault zones.  These observations, combined with local stress orientation variability 634 
over scales of 102 – 104 m and limitations of available data for quantifying stress magnitudes in the 635 
southern Taranaki Basin, make stress-based predictions of enhanced fault permeability of uncertain 636 
value without consideration of a range of geologic factors that contribute to subsurface fluid flow. 637 
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Tables 658 
Table 1: Stress indicators from the analysed resistivity borehole images. Azimuth: Interpreted 659 
orientation of SHmax. Depth: the mean between top and bottom stress indicator. Quality: quality 660 
ranking following the World Stress Map guidelines (Heidbach et al., 2016). Date: date of the tool run 661 
(YearMonthDay). n: number of recognised feature pairs (borehole breakouts, BO; or drilling-induced 662 
tensile fractures, DITF) in a single borehole, or section of borehole. S.D.: Standard deviation 663 
calculated according to the circular statistics of bi-polar data by Mardia (1972) with a weighting 664 
depending of the length of the feature. Length: The cumulative length of the fractured borehole 665 
sections. Top and Bottom: The depth of the uppermost and lowermost stress indicator found in the 666 
borehole. Top log and bottom log: top and bottom of the imaged interval. All depths indicated in 667 
metres, true vertical depth below mean sea level. 668 
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Borehole ID Latitude Longitude 
Azimuth 
(°) 
Feature 
Type 
Depth 
[km] 
Quality Location Date n 
S. D. 
(°) 
Length 
[m] 
Top [m] 
Bottom 
[m] 
Top log 
[m] 
Bottom 
log [m] 
Maari-1 -39.9677803 173.3026013 30 BO 1.73 A Maari-Manaia 19981113 77 7.7 101.7 1297 2160 1245 2160 
Maari-1 -39.9677803 173.3026013 35.1 DITF 2.08 D Maari-Manaia 19981113 5 14.9 0.4 2062 2106 1245 2160 
Maari-1 shallow -39.9677803 173.3026013 23.9 BO 1.41 C Maari-Manaia 19981113 40 7.3 38.4 1297 1515 1245 1515 
Maari-1 shallow -39.9677803 173.3026013 
 
DITF 
  
Maari-Manaia 19981113 0 
    
1245 1515 
Maari-1 deep -39.9677803 173.3026013 33.6 BO 2.07 B Maari-Manaia 19981113 37 5.4 63.3 1990 2160 1980 2160 
Maari-1 deep -39.9677803 173.3026013 37.8 DITF 2.08 D Maari-Manaia 19981113 4 12.5 3.5 2062 2106 1980 2160 
Maari-2 -39.9789551 173.3026799 38.9 BO 1.11 B Maari-Manaia 20030118 91 9.2 96.5 769 1452 760 1452 
Maari-2 -39.9789551 173.3026799 
 
DITF 
  
Maari-Manaia 20030118 0 
    
760 1452 
Matuku1 -39.6135194 173.0571222 75.9 BO 4.29 C Tui 20140124 44 5.8 22.5 3910 4671 3600 4680 
Matuku1 -39.6135194 173.0571222 82.8 DITF 3.90 D Tui 20140124 9 5.9 5 3609 4193 3600 4680 
Whio-1 -40.0173567 173.3274556 70.4 BO 1.92 A Maari-Manaia 20140825 110 11.1 257.8 1218 2625 1080 2614 
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Table 2: Equations used to estimate UCS from acoustic compressional wave slowness logs. UCS in 
MPa; Vp in km/sec; Δtc in μs/ft  
Lithology and region where 
developed 
Equation Reference Lithology or 
Formation, this 
study 
Bowen Basin, Australia. 
Fine grained, both 
consolidated and 
unconsolidated sandstones 
with all porosity range 
UCS = 1200 exp(-0.036 Δtc)                                McNally (1987) sandstone 
Globally UCS = 1.35 (304.8 / Δtc)2.6               Chang et al. (2006) mudstone 
unknown UCS  = 1.7 Vp2.6                              GMI (2010) Turi and 
Mangahewa 
Formations 
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Figure Captions 
Figure 1: Classification scheme for relative stress magnitudes and faulting style in a) normal, b) 
mixed normal/strike-slip, and c) strike-slip faulting systems (Anderson, 1905). Assuming that one 
principal stress is vertical, the ratio of maximum horizontal stress (SHmax) to vertical stress (Sv) 
indicates the stress regime. The depicted faults have the highest values of slip tendency (Morris et 
al. 1996) in each of the stress regimes: dipping 60° and striking parallel to SHmax for normal faulting 
stress regime; vertical and 30° either part of SHmax for strike-slip stress regime; and mixed for the 
normal/strike-slip regime. d) Stress rotation near a weak fault or fracture zone (after Fossen, 2016). 
Figure 2: Regional SHmax azimuth orientations for the southern Taranaki Basin. The Eastern Mobile 
Belt represents the western limit of deformation associated with the oblique westward subduction 
of the Pacific (PAC) plate beneath the Australian (AUS) plate at southward decreasing rates of 47 –
 42 mm/yr along the Hikurangi Margin (~43 mm/yr at -40°S) (King and Thrasher, 1996; Beavan et al., 
2002). Inversion structures developed during the Neogene within the Eastern Mobile Belt contain 
most of New Zealand’s producing oil and gas fields (NZPAM, 2018). Stress data are from Heidbach et 
al. (2018), summarised for the Taranaki region by Rajabi et al. (2016). Lines represent the SHmax 
azimuth with the length proportional to quality ranks A, B or C (as defined following world stress 
map guidelines; Heidbach et al., 2016). The colour coding is according to the stress regime with red 
indicating normal faulting (NF), green indicating strike slip faulting (SS), blue indicating 
thrust/reverse faulting (TF), and black for unknown regimes. 
Figure 3: Fault map of the southern Taranaki Basin study area (see Fig. 2 for location) and borehole 
stress data. Faults (black lines and polygons) at base Oligocene time horizon mapped predominantly 
in 3D seismic reflection surveys (grey polygons) show hydrocarbon accumulations (NZP&M, 2018) in 
association with dominant N-S to NE-SW structural trends. Named boreholes have Shmin magnitude 
information available, either leak-off test (LOT) (red filled circles), formation integrity test (FIT) (red 
outlined circles), or both (half-filled red circles). Side panel shows stress orientation and regime 
interpreted from boreholes. SHmax azimuths in boreholes Kopuwai-1, Amokura-1, Maui-5, MB-P(8) 
and Moki-1 are from Rajabi et al. (2016), quality ranks A to D. SHmax azimuths and stress regimes in 
boreholes Matuku-1, Maari-1, Maari-2 and Whio-1 are from this study. 
Figure 4: a) Borehole breakout on a resistivity image log (white rectangles) and other wireline log in 
borehole Whio-1, defined from a blurry appearance and low resistivity on the FMI log; and 
difference between pairs of caliper arms (C13, C24, shaded in blue). The breakout is confined within 
a moderately cemented carbonate unit, as defined by increased deep resistivity (RLA5), natural 
gamma ray (GR) and density (RHOZ), but does not show a significant change of acoustic 
compressional wave slowness (DTCO) and only limited variation of neutron porosity (TNPH). Note 
the uncertainty on breakout width because of space in-between FMI tool pads (shaded in grey). b) 
Diagram of a borehole cross-section showing that borehole breakouts and drilling induced tensile 
fractures (DITF) form in the direction of Shmin and SHmax, respectively.  
Figure 5:  a) SHmax azimuths as a function of depth from borehole breakouts and drilling induced 
tensile fractures (DITF) in boreholes Maari-1, Maari-2, Whio-1 (Maari-Manaia region) and Matuku-1 
(Tui region). b) Rose diagram of SHmax azimuths from borehole breakout for each borehole, and mean 
orientations (Table 1) displayed as an arrow. Mean orientations in borehole Maari-1 have been 
displayed for the upper and lower part of the borehole separately (Table 1). SHmax azimuths from 
borehole breakouts with one edge masked (Fig. 4) have an additional uncertainty of ~10°. 
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Figure 6: Fault trace map at base Pliocene unconformity generated using the Maari-3D survey in 
relation to measured SHmax azimuths. a) Coherency attribute (edge detect) displayed on the laterally 
continuous reflection surface of the base Pliocene unconformity which separates uplifted and 
eroded Miocene strata from onlapping Pliocene sediments. Faults are highlighted by incoherency 
(black lineations) between adjacent seismic traces across an otherwise coherent (white) reflection 
surface. b) autopick of base Pliocene unconformity. The minor displacement normal faults (typically 
<10 m) in proximity to the boreholes of Maari and Moki field, and Whio-1 borehole, were mapped 
from linear trends in amplitude, coherency and dip attributes. The white bar indicates the location of 
the seismic profile in Fig. 7b. c) Rose diagram of fault strike weighted by fault length; SHmax azimuths 
of the three boreholes of the region (this study), and the regional Taranaki Basin SHmax azimuth 
(Rajabi et al., 2016); and theoretical fault strike orientation ranges for Andersonian normal and 
strike-slip regimes assuming the regional Taranaki Basin mean SHmax azimuth (double arrows). 
Figure 7: Relationship between SHmax azimuth rotations and faults in borehole Whio-1. a) SHmax 
azimuth rotations in borehole Whio-1 (orange arrows) over 150 m-long depth intervals. The upper 
rotation coincides with two borehole-scale faults and the intersection with the seismic-scale fault. b) 
Seismic reflection profile (IL 1442, Maari-3D) through borehole Whio-1 (see Fig. 6 for location). The 
fault crossing Whio-1 reaches 200 ms TWT out of this section. c) Borehole fault zone separating a 
mudstone (top; high natural gamma) from a sandstone (bottom; low natural gamma). The borehole-
scale fault truncates mudstone bedding and is directly underlain by a fault drag of heterolithic 
features shown by a decrease in dip magnitude. From left to right: statically and dynamically 
normalised resistivity images; interpreted sinusoids representing the fault plane and sedimentary 
planar features; tadpole plot of interpreted planes (dot lateral position indicating dip magnitude, tail 
shows the dip direction); natural gamma log.  
Figure 8: Stress magnitude estimates in the Maari-Maui-Tui area. a) Shmin measurements from 
formation integrity tests (FIT) or leak-off tests (LOT), Sv, and hydrostatic pore pressure (Pp). Shmin and 
Sv are coloured by region (defined on Fig. 3). b) Shmin, Sv, and estimates of SHmax (most likely value and 
possible range based on velocity log to UCS conversion) in boreholes Maari-1, Maari-2, Matuku-1 
and Whio-1. The inserted block diagram represents normal and strike-slip faults consistent with the 
stress configurations derived from borehole data of the Maari-Manaia region. Shmin and SHmax at 
frictional limit (equation 7) are plotted in grey. c) SHmax:Sv ratio as a function of depth for the four 
borehole. Grey dotted lines show the Shmin magnitude at frictional limit for Matuku-1, and SHmax:Sv 
ratio of 1 marking the limit between normal and strike-slip stress regimes. 
Figure 9: Slip tendency (Ts) for the Cape Egmont Fault (see Fig. 3 for location), the NE-SW striking 
fault near Maari-1 and Maari-2 boreholes (Maari Fault) and the fault intersecting borehole Whio-1 
(Whio Fault) (see Fig. 6 for location), with four scenarios compatible with stress magnitudes and 
orientations derived from borehole data in this study. a) Normal faulting with SHmax:Sv=0.9 and SHmax 
azimuth 070°. b) Strike-slip regime with SHmax:Sv=1.1 and SHmax azimuth 070°; c) Strike-slip regime 
with SHmax:Sv=1.1 and SHmax azimuth 050°. d) Strike-slip regime with SHmax:Sv=1.5 and SHmax azimuth 
070°. Each panel presents from left to right: the mohr circles (shear (τ) versus effective normal stress 
σ(n)); slip tendency coloured onto a stereoplot, with the envelope of the pole to planes to the three 
faults; slip tendency mapped onto the three faults. Stress values of the Mohr circles represent 
depths of 2 km; the shape of the Mohr circle does not change with increasing depth with the 
assumptions used. 
Figure A.1: Calculation of Sv. a) Density profiles. B) Sv magnitude profiles 
Figure A.2: Estimation of SHmax magnitude for the four study wells. From left to right: natural gamma 
ray (GR), acoustic compressional slowness (Δtc), UCS derived from Δtc (Table 2) using the McNally 
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equation for sandstones, Global equation for mudstones, and GMI equation for the Turi and 
Mangahewa Formations in borehole Whio-1; borehole breakout width; and SHmax magnitude (most 
likely value based on the UCS of the dominant lithology and error bars or the extreme values of 
UCS).  
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